OBJECTIVES: Hypothermic circulatory arrest is essential to aortic arch surgery, although consensus regarding optimal cerebral protection strategy remains lacking. We evaluated the current use and comparative effectiveness of hypothermia/cerebral perfusion (CP) strategies in aortic arch surgery.
INTRODUCTION
Griepp and colleagues originally described the use of hypothermic circulatory arrest (HCA) for aortic arch surgery in 1975 [1] , opening the possibility for adequate protection of the brain and visceral organs during these complex procedures. Debate and controversy surrounding this methodology have since intensified as adjunctive antegrade (ACP) and retrograde cerebral perfusion (RCP) have advanced circulatory management strategies, and proximal aorta and arch replacements have become increasingly common. With case volume growth each year since 2005, over 10 000 proximal aorta and arch repairs were reported to the Society of Thoracic Surgeons-Adult Cardiac Surgery Database (STS-ACSD) in 2009 [2] . Despite these advances, significant rates of mortality and neurologic morbidity continue to limit arch repair, with neurologic complication rates ranging from 3% to 5% for elective repair to 10-13% in the non-elective setting [2] . Although deep hypothermia with or without adjunctive cerebral perfusion has traditionally been the strategy of choice for most surgeons performing aortic arch repair [3] , moderate hypothermia has been increasingly utilized [4, 5] due to concerns regarding hypothermia-induced coagulopathy, systemic inflammatory response, cerebral microvasculature dysfunction and hypothermic neuronal injury, among others [6] .
Current practice regarding HCA strategy is based mainly on low-quality (Level B-C) evidence, and the need for stronger evidence-based research to guide the degree of hypothermiadeep (< _20 C), moderate (20.1-28 C) and mild (>28 C)-and CP strategy-no perfusion, ACP, RCP or both ACP/RCP-has been widely recognized [7] . The current literature lacks randomized trials or well-controlled observational studies to support clinical decision making and guide further research on optimal cerebral protection strategy for patients undergoing arch surgery with HCA. Therefore, the current study sought to evaluate the association between these strategies and early postoperative outcomes via a comparative effectiveness analysis using the STS-ACSD.
MATERIALS AND METHODS

Data source
The STS-ACSD is a quality improvement database that captures detailed clinical and operative information on more than 90% of cardiac surgery programs in the USA. With over 3000 surgeons at 1000 hospitals, these data represent the largest cardiac surgery database in North America, and data quality is regularly evaluated via internal validation and external audits [8] .
Study population
Patients from the STS-ACSD who underwent HCA for proximal (hemi-) or total aortic arch replacement for aortic aneurysm or repair of type A aortic dissection from July 2011 through June 2014 were included. Starting in July 2011, the STS-ACSD v. 2.73 collected granular information on lowest temperature on cardiopulmonary bypass (CPB) and CP strategy. Patient exclusions are detailed in Supplementary Material, Fig. S1 . Patients were categorized by lowest CPB temperature: deep/profound (D/P; < _20 C), low-moderate (L-M; 20.1-24 C) and high-moderate (H-M; 24.1-28 C). In addition, patients were categorized by their CP strategy-no perfusion, ACP, RCP or both ACP/RCP, creating 12 groups (3 hypothermia strategies Â 4 CP strategies) for the final, adjusted comparison.
Outcomes
The primary outcome variable was a composite end-point of operative mortality-death during index hospitalization or within 30 days of index procedure-or neurologic complication-stroke, encephalopathy, paralysis or transient ischaemic attack. Secondary outcome variables included operative mortality, neurologic complication, stroke, renal failure and other composite major morbidity (renal failure, prolonged ventilation, deep sternal wound infection and reoperation). STS-ACSD data definitions are available online (www.sts.org).
Statistical analysis
In descriptive analysis, patient characteristics, operative details and unadjusted outcomes were summarized using frequency and percentage or median and interquartile range, as appropriate. Comparisons between hypothermia strategies were evaluated with Wilcoxon rank-sum tests or Kruskal-Wallis tests for categorical variables and Cochran-Mantel-Haenszel correlation test for continuous or ordinal variables. Histograms of lowest temperature on CBP at patient-, surgeon-and institutional levels were used to describe the current use of hypothermia in this patient population.
Adjusted analysis was performed to evaluate the independent association of cerebral protection strategy (degree of hypothermia and adjunctive CP) with clinical outcomes. Generalized estimating equations-a form of multivariable logistic regression-were used, controlling for factors found to be important in prior studies of aortic surgery including: age, gender, race, ethnicity, body mass index, current smoker, dyslipidaemia, hypertension, chronic kidney disease, chronic lung disease, peripheral vascular disease, cerebrovascular disease, history of stroke, diabetes mellitus, congestive heart failure, New York Heart Association classification, previous myocardial infarction, ejection fraction, aortic stenosis, aortic insufficiency (> _moderate), preoperative atrial fibrillation, previous coronary artery bypass grafting, prior valve surgery, prior other cardiac surgery, concomitant coronary artery bypass grafting, concomitant valve procedure and case acuity status (elective, urgent, emergent or salvage) [2] . In addition, several other factors were adjusted for including dissection versus aneurysm repair (total or hemi-arch), CBP time and circulatory arrest time. Finally, annualized institutional volume was included to account for any potential volume-outcome relationship [9] .
The study's a priori hypothesis was that D/P hypothermia (< _20 C) with ACP would be associated with optimal clinical outcomes [6] . After initial analysis demonstrated superior outcomes associated with H-M hypothermia (24.1-28 C) with ACP, this cohort was chosen as the reference group for simplified comparison. The 5 cerebral protection strategies with <5% of the final study population (n <400 for each strategy) were considered marginal strategies due to limited use. Unadjusted and adjusted outcomes of these marginal strategies were not presented, in order to simplify reporting and reduce unstable estimates; however, complete results are available in the Supplementary Material. P-value <0.05 was considered statistically significant, and no adjustments were made for multiple comparisons. Statistical analyses were performed with SAS v. 9.3 (SAS Institute Inc., Cary, NC, USA) and R v.3.1 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
From July 2011 through June 2014, the STS-ACSD captured 12 521 cases of aortic arch repair with the use of HCA in North America. There was a nearly 25% increase in the number of cases performed from the second half of 2011 to the first half of 2014, increasing faster than the rate of cardiac surgery as a whole (Fig. 1A) . The percentage of centres performing arch repair also increased over the study period, from 46% to 50%, with the mean number of cases per centre increasing slightly from 3.9 to 4.5 (Fig. 1B) . However, the median number of cases per centre remained at 2 throughout the period studied.
During the study interval, 57% of aortic arch repair cases utilized D/P hypothermia (< _20 C; n = 7163), 26% L-M hypothermia (20.1-24 C; n = 3235) and 17% H-M hypothermia (24.1-28 C; n = 2123). The most frequent arrest temperature was 18 C, while the median (interquartile range) was 19.8 C (18.0-23.0 C; Fig. 2A ). This distribution remained similar when examining average arrest temperature by surgeon, including nearly 1800 individual surgeons who performed at least 1 aortic arch repair (Fig. 2B) , with a median lowest temperature of 19.2 C. When examining the 306 surgeons who performed > _10 cases during the study period, the median temperature appeared slightly higher at 20.0 C, with the distribution skewed slightly to the right (Fig. 2C ). The most common combined hypothermia/perfusion strategies were straight D/P without adjunctive CP (25%), D/P + RCP (16%) and D/P + ACP (14%) (Fig. 3A) .
Demographic characteristics appeared evenly distributed across hypothermia strategies, with a median age of 62 years and no significant age differences between groups (Supplementary Material, Table S1 ). Race/ethnicity were also similar and showed a predominantly non-Hispanic, White population, while gender was mostly male at 65-68%. Comorbidity profiles were also generally similar between groups. Smoking status, cerebrovascular disease, peripheral vascular disease and chronic kidney disease did show minor but statistically significant differences between cohorts, with patients undergoing HCA with deeper degrees of hypothermia having slightly higher rates of these comorbidities.
H-M hypothermia patients were more likely to have congestive heart failure (CHF) (24.6%) as compared to D/P hypothermia (16.4%; P < 0.001); however, when present, CHF was more often New York Heart Association Class III/IV in the D/P hypothermia cohort (56.2%) compared to the H-M hypothermia group (43.3%; P < 0.001). Patients undergoing HCA with D/P hypothermia also had higher rates of cardiogenic shock (9.0%) compared to L-M (7.2%) or H-M hypothermia (5.8%; P < 0.001). Rates of prior cardiac surgery were similar between groups.
Acuity status (Table 1 ) did show a significant association with hypothermia strategy, as emergent/salvage status cases (n = 5976) were much more likely to be performed utilizing a D/P hypothermia strategy (62.1%; n = 3714/5976) compared to either L-M (23.2%; n = 1385/5976) or H-M hypothermia (14.6%; n = 877/ 5976) (P < 0.001). Consistent with this finding, patients undergoing HCA for repair of aortic dissection were also much more likely to be managed with a D/P hypothermia strategy with n = 4173/6764 (61.7%) of all dissection cases in the database being managed with D/P HCA versus only 23.6% (n = 1598/6764) and 14.7% (n = 993/ 6764) with L-M or H-M hypothermia, respectively. For patients undergoing arch replacement for aneurysm repair, a D/P strategy was more likely to be utilized for total arch replacement (P < 0.001) with 59.6% (n = 562/943), 27.5% (n = 259/943), and 12.9% (n = 122/ 943) utilizing D/P, L-M and H-M, respectively. For hemi-arch replacement for aneurysm, a D/P strategy still predominated (P < 0.001), although the use of a H-M strategy was more frequent than observed with total arch replacement (50.4% D/P (n = 2428/ 4814), 28.6% L-M (n = 1378/4814) and 20.9% H-M (n = 1008/4814)).
Increasing centre volume was associated with lesser degrees of hypothermia, with the highest volume centres (5.7-156 cases per year) using D/P hypothermia in 54% of cases compared to 73% of cases at lowest volume centres (< _1 case per year) (Fig. 3B) . Importantly, the vast majority of centres rarely perform aortic arch procedures, with more than 50% of centres performing <3 procedures per year and over 75% of centres performing <6. CPB times were significantly longer for the D/P as compared to the L-M and H-M hypothermia groups, with median CPB times of 195, 178 and 165 min, respectively (P < 0.001). Circulatory arrest times were more similar, although D/P hypothermia had a median CA time of 29 min compared to 25 min for the lesser degrees of hypothermia (P < 0.001), likely due to more frequent use of a D/P strategy with more complex procedures such as total arch replacement or dissection repair. Not surprisingly, CP strategy varied significantly by degree of hypothermia, with 43% of D/P hypothermia cases using no CP and 25% using ACP. This compares to only 18% of L-M hypothermia cases using no perfusion and 61% using ACP (P < 0.001).
The overall unadjusted rate of operative mortality was 12% (n = 1439), and the frequency of the primary composite endpoint of operative mortality or neurologic complication was 23% (n = 2854). When comparing clinical outcomes for the 7 most commonly used cerebral protection strategies, unadjusted analysis demonstrated a general trend towards improved clinical outcomes as milder hypothermia was used with the addition of In adjusted analysis comparing the 7 most commonly used hypothermia/perfusion strategies, the 2 (D/P and L-M) not utilizing adjunctive CP appeared inferior and were associated with a significantly higher risk of the composite end-point, with adjusted odds ratio (95% confidence interval): 1.6 (1.2-2.0) comparing D/P with no CP to H-M with ACP and 1.6 (1.2-2.3) comparing L-M with no CP to H-M with ACP (Fig. 4 ). There were no significant differences in the risk adjusted composite outcome between the remaining 5 strategies (D/P + ACP, D/P + RCP, L-M + ACP, L-M + RCP and H-M + ACP). When examining other risk-adjusted end-points, the results were similar with significantly inferior outcomes for those strategies not utilizing adjunctive CP (Fig. 5) . Adjusted analysis including marginally used hypothermia/perfusion strategies shown in Supplementary Material, Figs S4 and S5, and adjusted analysis for factors other than hypothermia/perfusion strategy associated with clinical outcomes shown in Supplementary Material, Figs S6 and S7.
DISCUSSION
The present study is the first large-scale comparative effectiveness analysis of cerebral protection strategies for aortic arch repair in North America. Demonstrating sustained increases in case volume, wide variability in surgical technique and continued significant rates of morbidity and mortality, this study reiterates the need for high-quality research to inform best practice in this complex area of cardiac surgery. Although D/P hypothermia remains the most widely used strategy, the results of this study call into question the efficacy of this approach when utilized without adjunctive CP. Specifically, these data demonstrate that cerebral protection strategies not utilizing adjunctive CP, including the aforementioned most commonly utilized strategy of straight D/P hypothermia, appear inferior to those utilizing some form of adjunctive CP.
Examining >12 000 circulatory arrest cases registered in the STS-ACSD during the 3-year study period from 7/2011 to 6/ 2014, the current study demonstrates how far aortic arch surgery has progressed since the 1970's with continued case volume growth in this area compared even to the 11 000 cases recently reported from the STS-ACSD during the 6-year period encompassing 2004-2009 [2] . Despite this increasing volume, however, rates of mortality and major morbidity continue to leave room for improvement, particularly following total aortic arch or aortic dissection repairs [10] . Hemi-arch repair, which constituted 84% of all arch replacements for aneurysm reported in this study, also showed important variation in outcomes by cerebral protection strategy. Despite their relatively short circulatory arrest times, the hemi-arch population remains an important group that should not be ignored when studying this topic. Finally, with mortality, stroke and renal failure rates for the entire cohort of 12%, 8% and 9%, respectively, this study provides several measures that remain elevated and without improvement over the last decade [2] .
In addition, the current study demonstrates extensive variation in the techniques used for cerebral and other end organ protection during these high-risk procedures. For example, currently in North America D/P hypothermia is the predominant strategy and was used in nearly 60% of arch cases, which differs from recent reports of European and Japanese practice where moderate hypothermia predominates [4, 5] . However, within North America, higher volume centres appear to have moved towards more moderate degrees of hypothermia, potentially indicating a preference for this strategy among experienced centres. Despite this centre-level trend, among higher volume North American surgeons with a study period volume of > _10 cases in the current report, the surgeon-level average temperature for HCA ranged from 11 to 28 C, demonstrating that wide variation remains even among more experienced centres. Further, no adjunctive CP was used in more than one-third of North American cases, whereas the use of no adjunctive CP during arch surgery is rare in both Europe and Japan (e.g. only 8% of cases utilized straight HCA in Europe) [4, 5] . Finally, although not the focus of this study, the large number of low-volume centres (>75% of all reporting centres performed <6 cases/year) represented in this analysis raises concerns about the need for further regionalization in aortic surgery [11] . The combination of extensive variation in practice patterns and high morbidity and mortality makes aortic arch surgery a rich area for comparative effectiveness research to identify potential best practices and inform future studies.
The findings of the current study with regards to utilization of the various cerebral protection strategies potentially reflect the recommendations of available regional consensus guidelines, which have been written in accordance with the limited data available. For example, the 2010 multispecialty guidelines reflect the American consensus that deep HCA alone or in combination was reasonable to minimize neurologic complications, with institutional experience being an important factor in selecting these techniques [12] . In contrast, more recent European guidelines from 2014 suggest that selective ACP be considered for brain protection [13] . While the latter were class IIa recommendations with only Level B evidence for support, the movement towards increased enthusiasm for ACP appears justified by the results of the current study, and increased utilization appears underway by higher volume centres in North America. As the current study only reflects data through June 2014, continued increases in the use of ACP spurned by the European recommendations that were published in November 2014 may have occurred after the study period.
Similar to the results of the current analysis whereby those techniques utilizing some form of adjunctive CP (D/P + ACP, D/P + RCP, L-M + ACP, L-M + RCP and H-M + ACP) yielded similar adjusted outcomes, comparative studies to date have generally failed to demonstrate a difference in important clinical outcomes for different cerebral protection strategies [5, [14] [15] [16] [17] , although the use of ACP has shown an association with lower rates of permanent stroke in 1 observational study [18] . A recent randomized study of 121 patients undergoing total arch replacement found no differences between ACP and RCP in clinical outcomes, neurocognitive testing or brain imaging findings, although low-event rates made differences difficult to detect [19] . A meta-analysis including over 5000 patients concluded that no differences existed between ACP and RCP; however, the study was limited by a lack of randomized trials available for inclusion [20] . Further supporting the findings of the current study, which found those strategies not utilizing some form of adjunctive CP to be inferior with regard to risk-adjusted outcomes, 2 meta-analyses with >1000 patients each comparing straight deep hypothermic circulatory arrest (DHCA) without CP to either DHCA with ACP or moderate hypothermia with ACP found significant differences in mortality and stroke risk, respectively, favouring the strategies that included adjunctive CP [6, 21] .
In designing the current study, we sought to highlight the strengths of the STS-ACSD, while mitigating the limitations seen in prior observational studies. The large sample size combined with granular patient and operative details provided in the STS-ACSD allowed for generalizability and a robust case mix adjustment that included circulatory arrest time, institutional volume, procedure type, dissection indication and case acuity. We also examined potential interactions, finding no significant difference in optimal strategy by circulatory arrest time. Rather than predetermining the optimal protection strategies, we examined all commonly used strategies to provide broader commentary on these techniques. Finally, this analysis is the first to examine the interaction between CP and degree of hypothermia, allowing for a more nuanced evaluation of these cerebral protection components.
While those cerebral protection strategies without CP appeared clearly inferior to H-M hypothermia with ACP, comparing the remaining strategies did not yield consistent differences and made the identification of an 'optimal strategy' impossible. Although H-M hypothermia with ACP compared favourably for all outcomes against all other strategies, these differences were rarely statistically significant. As previously discussed, these results appear similar to prior research in this area [5, 6, [19] [20] [21] . As such, these results indicate that H-M hypothermia with ACP should be a reference strategy for further research; however, these data more importantly point out the need for future studies that include prospective, randomized trials.
The limitations of the current analysis must be considered when evaluating these results. As an observational study, the potential for unmeasured confounders and case selection bias precludes the establishment of causality. Due to the complexity of the analysis with multiple comparator groups and outcomes, we were able to provide a nuanced and detailed comparison of cerebral protection strategies; however, these multiple comparisons put us at risk for potentially finding statistically significant differences that were actually the result of chance. For this reason, the results of this analysis must be considered as a whole without overemphasizing any individual P-value or point estimate. The diverse population in this study allows for strong generalizability, but the potential for specific subgroups (i.e. emergent versus urgent, dissection versus aneurysm repair, high-volume versus low-volume centres, etc.) to interact differently with the treatment strategies remains. While institutional volume was used to differentiate centres performing these procedures on a regular basis from those performing only a few cases per year, this parameter serves as only a loose surrogate for individual surgeon experience, which was not available. Although the STS-ACSD provides granular detail on individual cases, some important variables were not available, such as unilateral versus bilateral ACP, hemi-arch versus total arch repair among aortic dissections, CP cannulation site and location of temperature measurement. Likewise, concerns have been raised about the sensitivity of the self-reported STS clinical outcome measures [22] , a limitation which will need to be addressed in future prospective studies similar to what has been done using independent neurologists to adjudicate stroke in transcatheter aortic valve replacement trials. However, we do not expect that underreporting of neurologic events in the STS-ACSD would be systematically biased in favour of any particular strategy and should therefore not dramatically impact the conclusions of this study. By using a more sensitive composite neurologic outcome which included TIA, we have attempted to capture potentially underreported small stokes that may have longer term clinical importance [22] [23] . To this point, the composite neurologic event rates reported in this study are nearly identical to the true neurologist adjudicated stroke rates reported in the study by Messe et al. [22] examining surgeon-adjudicated and neurologist-adjudicated stroke rates after aortic valve surgery. As such, although one could criticize the inclusion of TIA in the composite outcome as not clinically significant, we feel that many of these surgeon-adjudicated 'TIAs' are actually small strokes. Further, even if some are true TIAs, data from the carotid endarterectomy population [23] has shown that postoperative TIAs are independent predictors of late stroke and death, indicating that these events are likely clinically important. Finally, long-term clinical outcomes and more sensitive outcome measures such as neurocognitive testing or brain imaging will need to be included in the focus of future studies [19] .
CONCLUSION
This large, comparative effectiveness study of hypothermia and CP strategy during aortic arch repair for aneurysm and dissection in North America has demonstrated the wide variation in current practice and continued significant morbidity and mortality of these procedures. With adjusted odds of mortality and neurologic morbidity significantly higher for those strategies which did not use adjunctive CP, including the most widely used current strategy of D/P hypothermia (< _20 C) without CP, this study raises serious concerns about the ability of these straight HCA techniques to adequately protect the brain and other end organs. Other commonly utilized strategies could not be differentiated in this study and will require large-scale randomized trials focused on different degrees of hypothermia with ACP or RCP and stratified by case complexity, type and acuity to address this continued controversy in aortic disease management.
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